Objectives: 1) To characterize vitamin D status at initiation of critical care in surgical ICU patients and 2) to determine whether this vitamin D status is associated with the risk of prolonged hospital length of stay, 90-day readmission, and 90-day mortality. Design: Prospective cohort study. Setting: A teaching hospital in Boston, MA. Patients: Hundred surgical ICU patients. Interventions: None. Measurements and Main Results: Mean (± sd) serum total 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D levels were 17 ± 8 ng/mL and 32 ± 19 pg/mL, respectively. Mean calculated bioavailable 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D were 2.5 ± 2.0 ng/mL and 6.6 ± 5.3 pg/mL, respectively. Receiver-operating characteristic curve analysis demonstrated that all of four vitamin D measures predicted the three clinical outcomes; total 25-hydroxyvitamin D was not inferior to the other measures. Median (interquartile range) hospital length of stay was 11 days (8-19 d). Poisson regression analysis, adjusted for biologically plausible covariates, demonstrated an association of total 25-hydroxyvitamin D with hospital length of stay (incident rate ratio per 1 ng/mL, 0.98; 95% CI, 0.97-0.98). The 90-day readmission and mortality rates were 24% and 22%, respectively. Even after adjustment for biologically plausible covariates, there remained significant associations of total 25-hydroxyvitamin D with readmission (odds ratio per 1 ng/mL, 0.84; 95% CI, 0.74-0.95) and mortality (odds ratio per 1 ng/mL, 0.84; 95% CI, 0.73-0.97). Conclusions: Serum 25-hydroxyvitamin D levels within 24 hours of ICU admission may identify patients at high risk for prolonged hospitalization, readmission, and mortality. Randomized trials are needed to assess whether vitamin D supplementation can improve these clinically relevant outcomes in surgical ICU patients. (Crit Care Med 2014; 42:1365-1371 
T he prevalence of vitamin D deficiency (serum 25-hydroxyvitamin D [25(OH)D] < 20 ng/mL) (1) exceeds 70% in critically ill patients (2) (3) (4) . Mounting evidence suggests that lower 25(OH)D levels in the ICU are associated with increased infection rates, prolonged length of stay (LOS), excessive healthcare costs, higher in-hospital mortality, and greater mortality postdischarge from the acute care setting (2, (5) (6) (7) . Although retrospective analyses have explored the association between 25(OH)D levels from 365 days before to 7 days after the onset of critical illness and these clinically significant outcomes (8, 9) , they do not provide a sense of when vitamin D assessments would be most informative in this patient cohort. Furthermore, the current body of knowledge related to vitamin D and critical illness is based largely on mixed ICU cohorts (4, 6-10); however, mean 25(OH)D levels may be quite different in surgical ICU patients as compared with patients in the medical ICU (8, 9) .
In the general population, serum 25(OH)D level is a relatively stable biomarker (half-life of 2-3 wk) (11, 12) and serves as an acceptable surrogate for the pool of vitamin D that is available for conversion to 1,25-dihydroxyvitamin D [1, 25(OH) 2 D] to support various metabolic processes (13, 14) . However, only 0.03% of 25(OH)D is available in its free form, with approximately 88% bound to vitamin D-binding protein (DBP) and the remainder bound to albumin (15, 16) . As binding to albumin is considerably weaker than binding to DBP, free and albumin-bound 25(OH)D is collectively referred to as "bioavailable" 25(OH)D. Previous studies have suggested that bioavailable measures of 25(OH)D correlate better with bone density and measures of mineral metabolism than do total 25(OH)D levels (17) .
During critical illness, there is an increased tissue demand for 1,25(OH) 2 D (18) . Altered DBP and albumin levels in the setting of inflammation, fluid shifts, capillary leak, and renal wasting are likely to have a strong influence on the bioavailable 25(OH)D pool (16, (18) (19) (20) . It is not known whether bioavailable 25(OH)D levels may be more clinically informative in ICU patients, since the majority of existing studies related to vitamin D and critical illness have only focused on total serum 25(OH) D levels (18) . Therefore, we prospectively assessed vitamin D status in a cohort of patients admitted to the surgical ICU. Our goal was to characterize total and bioavailable 25(OH)D levels at initiation of care in critically ill surgical patients and to investigate whether vitamin D status was associated with hospital LOS, 90-day readmission, and 90-day mortality.
MATERIALS AND METHODS
Patients were recruited from two surgical ICUs at the Massachusetts General Hospital (MGH), in Boston, MA. Both of these 18-bed ICUs receive admissions from all surgical services except for cardiac surgery. MGH is a 1,052-bed, teaching hospital and a level-one trauma center, which serves a diverse population in and around Eastern Massachusetts. The Partners Human Research Committee (institutional review board) approved the study protocol, and all subjects were enrolled between December 1, 2012, and January 31, 2013.
Inclusion and Exclusion Criteria
All adult men and women, 18 years old or older, expecting to require at least 48 hours of critical care (as determined by the treating ICU team) were deemed eligible to participate. Informed consent was obtained from subjects if they were oriented to person, place, and time in addition to testing negative on the Confusion Assessment Method for the ICU test (21) . Surrogate consent was obtained when subjects did not meet these criteria. Subjects were only included in the study if blood samples could be obtained within 24 hours of admission to the ICU.
Exclusion criteria included a known history of anemia at the time of ICU admission (defined as hematocrit < 25%), current pregnancy or immediate postpartum status, and recent history of vitamin D supplementation more than or equal to 4,000 IU/d. Subjects were also excluded if they were transferred from another ICU, either at MGH or an external facility, since the goal of the study was to ascertain vitamin D status within 24 hours of an initial ICU admission. Patients who had a previous ICU course within 1 year of the current admission were also excluded to minimize confounding related to chronic illness. Finally, patients were excluded if they did not have available a suitable healthcare proxy (when patients were not able to provide consent), if they had a high likelihood of dying within the first 24 hours of ICU admission (as determined by the treating ICU team), or if they refused to participate.
Blood Sample Processing and Biomarker Assays
Following informed consent, fresh blood was acquired from an indwelling arterial catheter and was collected directly into an ethylenediaminetetraacetic acid containing tube (lavender top). The sample was immediately stored on ice and then centrifuged within 30 minutes to separate out plasma. All samples were centrifuged at 2,300 rpm for 15 minutes at a temperature of 4°C. The separated plasma was immediately transferred to polypropylene tubes and stored at -80°C until biomarker testing was ready to be initiated.
Assays were performed at the Harvard Medical School Clinical and Translational Science Award core laboratory at MGH. 25(OH)D (combined D 2 and D 3 ) and DBP were measured by enzyme-linked immunoabsorbent assay, using commercially available kits (Abbott Laboratories, Abbott Park, IL and Hycult Biotech, Plymouth Meeting, PA, respectively). Intra-and interassay coefficients of variation (CV) were both less than 10% for 25(OH)D and 5% and 12% for DBP, respectively. 1,25(OH) 2 D was measured using ultra performance liquid chromatography with tandem mass spectrometry; intra-and interassay CVs were both less than 10%. The MGH core laboratory is a Clinical Laboratory Improvement Amendments-certified facility and uses rigorous methods and continuously updated reference standards for the assessment of hemoglobin, WBC count, glucose, albumin, parathyroid hormone (PTH), calcium, creatinine, and high-sensitivity C-reactive protein (hsCRP).
Calcium measurements were corrected for albumin levels, using the formula (22):
where C Ca is corrected calcium, M Ca is measured plasma or serum calcium, N Alb is normal albumin = 4 g/dL, and M Alb is measured plasma or serum albumin.
Bioavailable 25(OH)D and 1,25(OH) 2 D were calculated using previously used formulas (20): 
Clinical Data Collection
Partners Healthcare electronic medical records system was used to obtain baseline information related to 1) age, 2) sex, 3) race, 4) body mass index (BMI), 5) Acute Physiology and Chronic Health Evaluation II (APACHE II) score, 6) type of surgical patient (e.g., thoracic, vascular, and urologic), and 7) vitamin D supplementation status. Admission laboratory results also abstracted from the electronic medical records system included 1) hemoglobin level, 2) WBC count, and 3) serum glucose level. Total body fluid balance (TBB) from admission to the time of study-related blood sample acquisition was calculated from the ICU bedside care flow sheet for each subject. ICU LOS, hospital LOS, and 90-day readmission rate were estimated from individual electronic records. The 90-day mortality was estimated by cross-referencing each record with the Social Security Death Index Master File.
Statistical Analysis
Descriptive statistics were tabulated in aggregate as subjects with 25(OH)D levels less than 20 ng/mL versus those with levels more than or equal to 20 ng/mL. Continuous data were reported as means ± sds or medians with interquartile ranges (IQRs). Comparison of characteristics was performed using t tests and Mann-Whitney analysis for normally-distributed variables and nonparametric variables, respectively. Categorical values were expressed as proportions and compared using chi-square test.
We performed receiver-operating characteristic (ROC) curve analysis to evaluate the predictive value of total 25(OH) D, bioavailable 25(OH)D, total 1,25(OH) 2 D, and bioavailable 1,25(OH) 2 D for risk of prolonged hospital LOS, 90-day readmission, and 90-day mortality. All outcomes were dichotomous variables. Prolonged hospital LOS was defined as a value greater than the median (vs ≤ median), whereas readmission and mortality were binary values (yes/no).
Since ICU and hospital LOS are typically discrete variables with skewed distributions (2, 3), which assume values more than or equal to 1, zero-truncated Poisson regression analysis was used to model the relationship between total 25(OH) D and LOS, while controlling for biologically plausible covariates. In this overparameterized approach, we controlled for age, sex, BMI, APACHE II score, TBB, DBP, albumin, PTH, calcium, and hsCRP. To test the robustness of the biologically plausible model, we then performed stepwise Poisson regression using forward and backward selection methods. Variables considered for entry or removal in the stepwise approach included age, sex, race, BMI, APACHE II score, patient type, TBB, hemoglobin, WBC, glucose, total 25(OH)D, DBP, albumin, PTH, calcium, creatinine, and hsCRP. Subjects who did not survive beyond 72 hours post ICU admission were excluded from the "at-risk" group for ICU and hospital LOS assessments. Results are reported as incident rate ratios (IRRs) with 95% CIs.
To test for the association between total 25(OH)D levels and the risk of 90-day readmission, we first performed multivariable logistic regression analyses to control for biologically plausible covariates. In this overparameterized approach, we controlled for age, sex, BMI, APACHE II, TBB, DBP, albumin, PTH, calcium, and hsCRP. To test the robustness of the biologically plausible model, we then performed stepwise logistic regression using forward and backward selection methods. Variables considered for entry or removal in the stepwise approach included age, sex, race, BMI, APACHE II, patient type, TBB, hemoglobin, WBC, glucose, total 25(OH)D, DBP, albumin, PTH, calcium, creatinine, and hsCRP. Similar regression models were built to test for the association of total 25(OH) D with the risk of 90-day mortality. In all logistic regression models, 25(OH)D levels were treated as a continuous variable, whereas 90-day readmission and mortality rate were treated as binary variables. Subjects who did not survive their initial ICU admission were not included in the at-risk group for readmissions. Results are reported as odds ratios (ORs) with 95% CIs.
Published data specific to ICU patients within the Partners Healthcare network suggested that the mean 25(OH)D in mixed ICU cohorts is between 18 (± 14) and 26 (± 15) ng/mL (8, 9) . Mortality rate in this cohort was between 13% and 35%. With recruitment of 100 patients into the study, we estimated that the probability was 80% that the study would detect a relationship between total 25(OH)D and 90-day mortality at a two-sided 0.05 significance level if the true change in 90-day mortality was 0.15% per unit change in 25(OH)D. This is based on the assumption that the sd of total 25(OH)D in the study cohort is 14 ng/mL and the sd of 90-day mortality is 7% (8, 9) . All analyses were performed in STATA 12.0 (StataCorp LP, College Station, TX). A two-tailed p value of less than 0.05 or 95% CI that did not span a value of 1 was considered to be significant for all analyses.
RESULTS
We screened 236 consecutive patients during the study period, and 136 patients were excluded for the following reasons: four patients (or their healthcare proxies) did not agree to study participation, four patients were either pregnant or immediately postpartum, six patients had received high-dose vitamin D supplementation (50,000 IU/wk) within 1 month of ICU admission, 12 patients had significant baseline history of anemia, 27 patients were not expected to survive more than 24 hours, and 83 patients were expected to require postoperative hemodynamic or respiratory monitoring for less than 48 hours. Baseline characteristics of the remaining 100 patients are shown in Table 1 . The average (mean ± sd) age was 65 ± 16 years. Majority of subjects were women (58%) and white (91%). Overall BMI was 29.5 ± 7.6 kg/m 2 and APACHE II score was 18 ± 9. Mean 25(OH)D level for the study cohort was 18 ± 8 ng/ mL. However, 18% of patients had 25(OH)D levels between 0 and 9.9 ng/mL, 45% had levels between 10 and 19.9 ng/mL, and 30% had levels between 20 and 29.9 ng/mL. The average DBP and albumin levels in the cohort were 167 ± 72 μg/mL and 2.9 ± 0.5 g/ dL, respectively. Mean calcium, PTH, and creatinine levels were 9.1 ± 0.7 mg/dL, 70 ± 59 pg/mL, and 1.4 ± 1.3 mg/dL, respectively. Median (IQR) LOS in the ICU was 5 days (IQR, 4-9 d) and in the hospital was 11 days (IQR, 8-19 d). The 90-day readmission rate was 24%, whereas 90-day mortality rate was 22%.
ROC Curve Analysis
ROC curve analysis demonstrated that total 25(OH)D, bioavailable 25(OH)D, 1,25(OH) 2 D, and bioavailable 1,25(OH) 2 D were all significant predictors of prolonged LOS (not shown), 90-day readmission (not shown), and 90-day mortality (Fig. 1) . However, no difference between the areas under the curve (AUCs) ( Table 2 ) was observed, suggesting-at least within the limitations of the relatively small sample-that total 25(OH)D was similar (not inferior) to bioavailable 25(OH)D, 1,25(OH) 2 D, and bioavailable 1,25(OH) 2 D as a predictor of all three clinical outcomes.
Outcomes
Although we found no significant association between total 25(OH)D and ICU LOS in an overparameterized biologically plausible zero-truncated Poisson regression model (IRR per 1 ng/mL, 0.97; 95% CI, 0.93-1.07), total 25(OH)D level within 24 hours of ICU admission was found to be inversely associated with hospital LOS (IRR per 1 ng/mL, 0.98; 95% CI, 0.97-0.98). APACHE II score, albumin, and calcium levels were also found to be significantly associated with hospital LOS in this model ( Table 3 ). In the stepwise regression analysis for hospital LOS, the only variables retained in the final model were total 25(OH) D level (OR per 1 ng/mL, 0.98; 95% CI, 0.97-0.98), APACHE II score, albumin, and calcium.
In an overparameterized biologically plausible multivariable regression model, total 25(OH)D level within 24 hours of ICU admission was found to be inversely associated with the risk of 90-day readmission (OR per 1 ng/mL, 0.84; 95% CI, 0.74-0.95). APACHE II was not found to be significantly associated with the risk of readmission in this model (Table 3 ). In the stepwise regression analysis for 90-day readmission, the only variables retained in the final model were total 25(OH)D level (OR per 1 ng/mL, 0.85; 95% CI, 0.77-0.95) and APACHE II score.
Similarly, in an overparameterized biologically plausible multivariable regression model, total 25(OH)D level within 24 hours of ICU admission was found to be inversely associated with the risk of 90-day mortality (OR per 1 ng/mL, 0.83; 95% CI, 0.73-0.97). APACHE II score was also found to be significantly associated with mortality in this model (Table 3 ). In the stepwise regression analysis for 90-day mortality, the only variables retained in the final model were total 25(OH)D level (OR per 1 ng/mL, 0.85; 95% CI, 0.77-0.95) and APACHE II score.
DISCUSSION
In this study, we characterized the vitamin D status of surgical ICU patients within 24 hours of initiating critical care. We determined that total 25(OH)D, bioavailable 25(OH)D, total 1,25(OH) 2 D, and bioavailable 1,25(OH) 2 D levels were all predictive of clinically important outcomes. However, no one particular biomarker was found to be a superior predictor of hospital LOS, 90-day readmission, and 90-day mortality when compared with each other. Since our research design was observational, and not interventional, we caution that the causal nature of the relationship between vitamin D status and such clinical outcomes cannot be inferred from this study. Evidence regarding the potential importance of vitamin D status during critical illness continues to grow (18) and suggests a central role for intracellular 1,25(OH) 2 D levels in promoting favorable cellular processes (1, 16) . Although free 25(OH)D is most readily available for conversion into 1,25(OH) 2 D (16), less than 1% of total vitamin D circulates in this form (20) . As such, the albumin-bound component of total 25(OH)D can be easily mobilized in times of need and provides a larger pool of bioavailable 25(OH)D to maintain optimal vitamin D-mediated autocrine and paracrine activity (20) . By contrast, the 25(OH)D-DBP complex is very stable, with an affinity of binding several orders of magnitude greater than that of 25(OH)D to albumin (20) . 25(OH)D bound to DBP is typically involved in the regulation of gene expression, requiring intracellular enzymatic cleavage of the 25(OH)D, and thus, it is thought to have limited biological activity during acute stress (20, 23) . Therefore, it has been hypothesized that assessment of the bioavailable forms of vitamin D may have greater predictive value for important ICU-related outcomes when compared with total serum 25(OH)D (20) .
Although it was somewhat counterintuitive, we did not observe any advantage to the use of bioavailable 25(OH) D, total 1,25(OH) 2 D, or bioavailable 1,25(OH) 2 D levels over total 25(OH)D to predict the risk of prolonged LOS, 90-day readmission, or 90-day mortality in our surgical ICU cohort. Whilst the study sample size may be a limitation, the relatively conservative 95% CIs of the AUCs generated from our ROC curve analysis do not suggest that a larger cohort would materially change this result ( Table 2 ). Since calculations for bioavailable 25(OH)D depend on DBP and albumin concentrations, the current study findings may highlight an important difference between medical and surgical patients. The burden of chronic disease is generally more pronounced in medical ICU patients (8, 9) , as is the typical duration of critical illness (2, 3) , which may be associated with greater derangements in DBP and albumin levels not only at the time of admission but also through the course of ICU care. As such, a comparison of total versus bioavailable 25(OH)D as a predictor of prolonged LOS, 90-day readmission, and 90-day mortality in medical ICU patients may yield findings different from the present study, and this merits further study. Furthermore, the assessment of bioavailable 25(OH)D levels in this study was based on formulae derived from noncritically ill subjects. It is possible that the binding characteristics of 25(OH)D to albumin and DBP differ in the setting of critical illness; direct measurements of bound and unbound 25(OH)D, if technically feasible, in this population may provide additional insight.
The tight regulation of serum 1,25(OH) 2 D is also noteworthy since it is known that measured levels may remain normal or even elevated despite low 25(OH)D levels (16, 17) . The half-life of 1,25(OH) 2 D is only a few hours, and small changes in levels may be difficult to assess due to its presence in picomolar concentrations (16, 17) . Although it remains unclear whether total or bioavailable 1,25(OH) 2 D levels change dramatically over the course of critical illness, it is biologically plausible that as compensatory mechanisms are exhausted, significant changes in 1,25(OH) 2 D levels may be observed independent of any changes in total or bioavailable 25(OH) D levels. Such derangements over the acute phase of critical illness may also improve risk stratification for LOS, readmissions, and mortality.
The current study was underpowered to adequately investigate the association of vitamin D status with ICU LOS. In particular, the availability of information related to bioavailable vitamin D metabolites was a limitation in our present sample size calculation. The results of our current study provide initial data that will be helpful in performing adequately powered studies in the future. Additionally, measured LOS and readmission rates may not be accurate if subjects were admitted to another facility. It is unlikely that such an event would not be logged in our electronic medical records system; however, it may be possible if patients traveled away from the surrounding area within 90 days of discharge from MGH. We selected a 90-day follow-up period based on historically low 30-and 60-day readmission and mortality rates in the MGH surgical ICUs. The use of these earlier cutpoints (instead of 90 d) would have likely resulted in an underpowered study, which in turn may have depicted a misleading association (or lack of association) of vitamin D status with LOS, readmission, and mortality.
Although our findings present compelling evidence in support of the association between admission vitamin D status and clinically important outcomes in surgical ICU patients, it is important to discuss potential limitations. Observational cohort studies such as this cannot establish causation, but they can highlight the existence or absence of associations and thereby direct future research. Furthermore, observational studies may be limited by the lack of a randomly distributed exposure. Despite adjustment for multiple potential confounders, there may still be residual confounding that contributes to the observed differences in outcomes. Specifically, vitamin D status may simply be a reflection of the overall health of patients, for which we were unable to fully adjust. We were also unable to adjust for immobilization, lack of sun exposure, and vitamin D supplementation upon discharge from the hospital. It is important to note that we did not include vitamin D supplementation status in any of our models since only 9% of patients were documented to be taking between 1,000 and 2,000 IU of either ergocalciferol or cholecalciferol prior to ICU admission. Although changes in vitamin D status may be observed within hours of exposure to acute stress (18) , our samples were obtained within 24 hours of admission to the surgical ICU and may not reflect true vitamin D status at the outset of critical illness. Although we included known causes for this altered vitamin D status in our models (inflammatory response, fluid loading, and renal wasting of albumin as well as DBP), there may be other factors that we were unable to adjust for in our multivariable analysis. In addition, we used admission glucose levels as a proxy for diabetes mellitus or prediabetes. Future studies should consider the use of hemoglobin A1c levels to better characterize the presence of these disease states. Although we provided a comprehensive view of overall calcium regulation (total serum calcium, albumin, 25(OH)D, 1,25(OH) 2 D, PTH, and C-reactive protein) in our study cohort, we did not assess ionized calcium levels, which have been shown to be more accurate than albumincorrected total serum calcium levels during critical illness (24) . These issues, and our exclusion of patients with a known history of anemia and those unlikely to survive beyond 24 hours after ICU admission, may decrease the generalizability of our results to all critically ill surgical ICU patients.
CONCLUSION
We confirm previous studies, which have suggested that total 25(OH)D levels on ICU admission are inversely associated with the risk of mortality in the postacute care setting (2, 3, 5, 9) . In addition, we present novel data that better characterize vitamin D status at the initiation of care in surgical ICU patients. Further prospective studies are needed to validate our findings, to report whether vitamin D status changes significantly over the course of critical illness, to assess the potential benefit of optimizing vitamin D status in the surgical ICU, and to identify mechanisms by which vitamin D sufficiency may confer survival benefit from critical illness.
